Two mechanisms for firing rate regulation were identified in dopaminergic nigrostriatal cells (DA cells), one of a renewal nature which prevents short and long interspike intervals (ISIs) and the other of a no-renewal nature which compensates long ISIs with short ISIs and vice versa. Renewal regulation was found in 96% of DA cells and less frequently in nigrocollicular (63%), nigrothalamic (61%) and nigropeduncular (50%) nigral GABA cells. No-renewal regulation was found in 77% of DA cells, and was only observed in 8% of GABA cells. Thus, most DA cells showed both regulatory mechanisms, which justifies the low variability in their firing rate and the low oscillation of extracellular striatal dopamine previously reported. DA cells surviving a partial degeneration of the nigrostriatal system did not show alterations in their firing rate and burst firing but presented a marked disturbance for no-renewal regulation. Under these conditions, small fluctuations in firing rate are not compensated for in time, which could be one of the factors responsible for the motor fluctuations often observed in advanced Parkinson's disease.
Introduction
The substantia nigra (SN) is a brainstem structure composed of dopaminergic cells (DA cells) that project to the striatum (ST; Chiodo, 1988; Parent and Hazrati, 1994; 1995) and modulate the cortical input to basal ganglia (BG; DeLong, 1990; Gerfen et al., 1990; Obeso et al., 2000a) , and GABAergic cells that project to the thalamus (TH), anterior colliculus (AC) and pedunculopontine tegmental nucleus (PPTg). They constitute, along with the internal part of the globus pallidus (GPi), the main outflow structure for BG (DeLong, 1990; Parent & Hazrati, 1994; 1995) . DA cells have focused the attention of a number of groups because their degeneration is considered the hallmark of Parkinson's disease (PD), a disabling neurological disorder which affects 2% of people over 60 years of age. Nigral DA cells maintain stable levels of extracellular DA in the striatum, which is a crucial factor in regulating the cortical input to BG and whose disturbance induces the motor disorders that characterize PD (DeLong, 1990; Graybiel, 1990; Gonon, 1997; Gillies & Arbuthnott, 2000) .
Different pre-and postsynaptic mechanisms have been involved in the striatal regulation of DA activity (Altar et al., 1987; Hefti et al., 1985; Kostrzewa, 1995) . However, a significant portion of synaptic DA diffuses outside the synaptic cleft (Kawagoe et al., 1992) and %70% of DA is directly released into the extracellular space from extrasynaptic varicosities (Levey et al., 1993; Sesack et al., 1994; Caillé et al., 1996; Descarries et al., 1996) , which restricts the ability of synaptic mechanisms to regulate the striatal action of DA. Each DA cell can have up to half a million varicosities (Anden et al., 1966) which, innervating almost 300 striatal neurons (Groves et al., 1995; Oorschot, 1996; Schultz, 1998) , release massive quantities of DA (1000 molecules per varicosity and spike) in response to single spikes (Schultz, 1998) . These circumstances and the fact that most striatal DA is released by exocytotic processes triggered by the action potential (Gonon & Buda, 1985; Gonon, 1997; Menoit-Marand et al., 2001) suggest that small fluctuations in the interspike interval (ISI) duration of a few DA cells can influence a large number of striatal neurons, inducing significant effects on the behavioural functions of BG. Therefore, a fast and efficient regulation of the firing rate is probably needed to prevent the DA fluctuations in the striatum and the corresponding motor instability.
We studied the firing rate regulation in the nigrostriatal DA cells in relation to that of nigral GABA cells, paying particular attention to possible renewal (low interspike interval variability) and no-renewal (short ISIs being immediately compensated with long ISIs and vice versa) regulatory mechanisms. Due to the fact that these mechanisms could be involved in the motor fluctuations often observed in advanced PD, the firing rate regulation in DA cells which survive a partial nigrostriatal degeneration was also studied.
Materials and methods
Experiments were carried out on male Sprague-Dawley rats (300-350 g) in accordance with the European Communities Council Directive regarding the care and use of animals for experimental procedures (86/609/EEC). extracellular activity of SN neurons (6-9 MO micropipete filled with 2 M NaCl and 2% Pontamine Sky Blue, and positioned 2.8-3.4 mm anterior to lambda, 1.8-2.4 mm lateral to the midline and 7-8.5 mm below the cortical surface; Paxinos & Watson, 1988) was amplified (Â3000), filtered (200-5000 Hz), digitized (35 ksamples/s Â 16 bit) and stored on a Pentium-based computer as previously reported (Rodríguez & Barroso, 1996; Rodríguez & González-Hernández, 1999) . Spikes were analysed with both hardware (SD1 spike discriminator of Tucker-Davis Technologies, Gainesville, Florida, USA) and software (hybrid multilayer artificial neural network; García-Baez et al., 1998) methods, and only recordings showing single-unit activity were used for analysis. In order to classify SN cells according to their projections, stimulating electrodes were placed in the head of the caudate nucleus (0.0 mm anterior to bregma, 3.2 mm lateral to the midline and 5 mm ventral to the brain surface), TH (À2.5 mm posterior to bregma, 1.5 mm lateral and 6.5-7 mm ventral), AC (1.5 mm anterior to lambda, 1.5-2.5 mm lateral and 4.0-4.5 mm ventral) and PPTg (0.7 mm anterior to lambda, 1.5-2.5 mm lateral and 7.5 mm ventral). Once a neuron had been isolated, the collision test was used to determine the antidromic activation from these nuclei (Rodríguez & González-Hernández, 1999) . DA neurons were identified by a 2-5-ms triphasic extracellular waveform, spontaneous activity <10 spikes/s and a long-latency antidromic response (10-20 ms) to striatal stimulation. SNr neurons showed a biphasic extracellular waveform with a duration of <2 ms and a short-latency antidromic response (< 6 ms) evoked from the TH, AC or PPTg. Burst activity was determined according to Grace & Bunney (1984b) .
At the end of each experiment, the recording (À20 mA, 30 min) and stimulating (10 mA, 30 s) sites were marked and the rats were transcardially perfused with saline solution followed by 1% potassium ferricyanide in 10% formaldehyde. Serial sections were cut with a vibratome (50 mm) and stained with formal thionine.
Identification of regulatory activity
Two types of regulatory activity were evaluated, one of a renewal nature (regulation is performed with the information generated between two action potentials) and the other of a no-renewal nature (regulation is performed according to the duration of previous interspike intervals).
The renewal regulation was studied using three complementary procedures: (i) the ISI variability, estimated with the coefficient of variation (CV) of ISI duration; (ii) the ISI density estimated by comparing the frequency distribution of ISIs (interspike interval histogram; IIH) (all ISIs are grouped without regard to their original order) with that expected at random (geometric distribution); and (iii) the evaluation of the firing stability in a Markov-simulated ISI sequence, a procedure that uses a real recording to generate a simulated recording which preserves the renewal properties but loses the norenewal properties. Randomly generated recordings (as that generated with a Ra 226 source and showed in Fig. 1 ) possess neither renewal nor no-renewal properties, and thus they can be used as a control to identify renewal properties of recordings. The IIH retains the information of renewal properties but loses no-renewal properties. We used the IIH to produce simulation of recordings with the same renewal characteristics but without their no-renewal characteristics. These simulations were performed by using a Markov chain. A Markov chain is a transition diagram composed of nodes and one-way paths, where each node corresponds to a state of the system (a detailed description is provided by Goodman, 1988) . We used the IIH (right side Fig. 1A ) to assign a probability for spike triggers (p n ) to each node of the Markov chain (Fig. 1D) . Simulation is performed by testing a point of the chain every ms, beginning with the first point on the left side and followed by the next consecutive points in a movement from left to right (at any point the probability of spike trigger p n corresponds to their counterpart bin in the IIH). This movement returns from any point to the first point of the chain when a spike is triggered, which occurs when a randomly generated trial produces a result with a probability similar to that of its counterpart bin in the IIH. Because this simulation only uses the renewal properties contained in the IIH, the finding of firing regulation in this simulation shows renewal factors as the cause of firing regulation in the original recording.
No-renewal regulation of the firing rate was studied with two algorithms, the multispike interval histogram (MIH) and the Fano Factor (FF). The firing rate is often referred to as spikes/ s, an arbitrary time unit which does not necessarily correspond to the time window of no-renewal compensatory mechanisms. These algorithms avoid this problem by using a variable time window, the FF by evaluating the firing-rate variability in increasing time windows and the MIH by studying the distribution of ISIs when they are progressively accumulated.
The FF (also known as index of dispersion) was initially used by Fano in 1947 for characterizing the statistical fluctuations of the number of ions by charged particles (Fano, 1947) . In the present study, FF computes the variance of the number of spikes divided by the mean of the number of spikes (N) for a counting window (T). The FF curve shows the effect of increasing the duration of T on the FF value.
This indicates the degree of clustering or anticlustering of spikes. Randomly generated spikes produce an FF curve that must approach unity for any counting window. FF values <1 indicate that ISIs were grouped in a way that decreased firing rate variability below values expected at random. Details to compute the FF can be obtained in previous studies that used this procedure with different aims (Lowen & Teich, 1995; 1996; Teich et al., 1997) .
The MIH is a probability-density function of the time elapsed between two given spikes which are separated by a number of other spikes (n). The MIH was computed for increasing values of n (n ¼ 0, 1, 2, 3. . ., MIH being equal to IIH when n ¼ 0). Thus, an MIH was obtained for each n, and its frequency histogram was displayed (there is an MIH for each value of n) and compared (w 2 test) to that expected at random (negative binomial distribution). MIH shows the clustering degree of short and long ISIs, with a shape indicative of low variance when ISIs are anticlustered (short-and long-lasting ISIs being intermingled to decreases the firing rate variability).
MIH and FF values depend not only on the clustering or anticlustering of spikes (no-renewal factors) but also on the variability of ISIs, which is determined by renewal factors. The renewal and norenewal influence was distinguished by comparing the MIH and FF computed from original sequences with the one computed after randomly reordering the ISIs (shuffled ISIs). An MIH dispersion and FF value lower in the original than in the shuffled ISIs identified renewal regulation. Differences between shuffled ISIs and expected values indicated the action of no-renewal factors.
Lesion
According to a previously reported procedure (Castro et al., 1985) , rats received under anaesthesia (80 mg/kg of ketamine þ 12 mg/kg of xylazine, injected i.p.) a double unilateral injection of 6-hydroxydopamine hydrochloride (6-OHDA; Sigma, St Louis, MO, USA) or saline þ ascorbic acid vehicle within the medial forebrain bundle (MFB). 6-OHDA (dissolved in 0.9% saline solution with 0.3 mg/mL ascorbic acid) was injected with a 5-mL Hamilton syringe and a cannula with 0.4 mm external diameter. Injections were made 4.0 mm anterior to lambda, 1.6 mm to the right of the midline and 8 mm below the dura for the first injection and 4.6 mm anterior to lambda, 1.4 mm to the right of the midline and 8 mm below the dura for the second injection. The infusion rate was 1 mL/min with a total dose of 8 mg of 6-OHDA in 4 mL solution for each of the double unilateral injections. The syringe was withdrawn 3 min after the injection was terminated. The lesion degree was evaluated by quantifying the striatal level of DA according to previously reported procedures (Afonso et al., 1990; Rodríguez & Castro, 1991) . Briefly, animals were killed by decapitation and the striatum was immediately dissected and sonicated (100 W for 12 s while on ice) in 300 mL of 0.1 M perchloric acid containing 4 Â 10 À5 M sodium metabisulphite. The homogenate was then centrifuged for 15 min at 15 000 g and the supernatant and the Raster of a DA neuron; (B) a randomly generated raster (generated by using a Ra 226 source and a Geiger counter which detects disintegrations and generates a pulse which was processed with the same procedures used for neuronal spikes) with the same firing rate (the Geiger counter was separated from the Ra 226 source to obtain a specific event rate) as that of the neuron shown in (A). (C) Raster simulated with a Markov chain (D) which uses the interspike interval histogram (IIH) of the neuron shown in A as probability source (p is the probability of spike and q is the probability of nospike in the 10-ms of each IIH bin). (E) Fano factor (FF) of the original and shuffled interspike intervals (ISIs) of the neuron shown in A.
ß 2003 Federation of European Neuroscience Societies, European Journal of Neuroscience, 18, 53-60 pellet were kept cool (À70 8C) in separate tubes until the biochemical determinations were made (within the following 2 weeks). DA was measured by liquid chromatography with electrochemical detection and using a C18 column (Nova-Pack 4 mm particle size; Waters, Milford, MA, USA) and a mobile phase with 0.07 M NaH 2 PO 4 ÁH 2 O, 0.1 mM EDTA, 1.7 Â 10 À3 M sodium heptanesulphonate, 10% methanol (pH ¼ 4.35). All separations were performed isocratically at a flow rate of 1.0 mL/min at 40 8C. The detector potential was 0.70 V (Waters Model 460). Quantifications were performed from standard curves of peak height and referred to content of sample proteins (Lowry et al., 1951) . Only animals showing a DA decrease !95% compared to the unlesioned striatum were included in the study.
Statistical comparisons
In order to evaluate the FF, the distribution of 100 shuffled data sets were computed. Differences were considered statistically significant when either the expected or observed FF were outside the boundaries of the mean AE SD for the shuffled data sets. The w 2 test was used to analyse differences between two MIH. A one-way ANOVA followed by an appropriate post hoc test or paired t-test was applied for the rest of the statistical analyses (Statistics program, Statsoft; Tulsa, USA). A P < 0.05 was assigned for statistical significance.
Results

Experiment 1: firing regulation in the SN cells
All nigral cells included in this study (n ¼ 192) showed the common characteristics (Table 1) previously reported for DA and GABA cells (Grace & Bunney, 1984a; MacLeod et al., 1990; Rodríguez & González-Hernández, 1999) .
Renewal regulation
Most DA cells exhibited a low oscillation in firing rate (< 0.1-0.3 spikes/ s) and a low ISI variability (evident even in rasters). An example of this is shown in Fig. 1A . Both the raster (left side) and the interspike interval histograms (right side) showed the number of short and long ISIs to be lower than expected, which is evident when comparing the real recording with a randomly generated point process of the same rate (Fig. 1B) and when comparing observed and expected ISI histograms (IIH; right side of Fig. 1A and B) . The low ISI variability is of a renewal nature as the simulation of this recording with a Markov chain showed. This simulation produced ISI sequences with a low firing rate oscillation and a low ISIs variability (Fig. 1C) . Because the renewal properties contained in the IIH are the only ones to be taken into account in this simulation, this finding shows that renewal factors are involved in this regulation. The CV and the FF (shuffled ISIs vs. randomly expected values) also showed renewal regulation. An example is shown in Fig. 1E where the FF of the recording of Fig. 1A is below the expected value (FF ¼ 1) for counting windows T over 200 ms (Fig. 1E) . This decrease was also found in shuffled ISIs, which demonstrates the renewal mechanisms as a cause for the low firing rate oscillation. These data agree with the low CV observed in this cell (0.53) in relation to those expected at random (CV ¼ 1). With these three methods we identified no-renewal firing rate regulation in most SN neurons. No-renewal regulation was more marked (CV lower in DA cells than in GABA cells; Table 1 ) and frequent (96% of DA cells and 50-63% of GABA cells; Fig. 2E , left side) in DA cells than in GABA cells. Obviously, the low variability of ISIs causes a decrease in the firing rate oscillation but, as will be shown below, this is not the only mechanism that prevents firing rate variability in DA cells.
No-renewal regulation
The rasters of most DA cells showed the shortest ISIs followed by the longest ISIs and vice versa. This suggested that transient changes in firing rate were being cancelled out within a short time window, a suggestion verified by MIH and FF. When real data were compared with expected values, both the FF (values <1; Fig. 2C ) and MIH (dispersion lower than that of the negative binomial distribution in Fig. 2D ) indicated a low firing rate variability in all DA cells studied. However, and as mentioned above, this low variability could be the consequence of the renewal regulation. In order to distinguish the action of no-renewal regulation, the FF and MIH computed from real ISI sequences were compared with those obtained after both (i) a random re-ordering of ISIs (the shuffling of ISIs eliminates no-renewal regulation) and (ii) a simulation of ISIs with a Markov chain based on IIH probabilities (IIH loses no-renewal but preserves renewal information). An FF and an MIH showing a lower variability in the original ISIs than in shuffled ISIs were considered indicative of no-renewal regulation. An example of this is shown in Fig. 2 . In this neuron, the FF was lower in the original ISIs than in the shuffled ISIs ( Fig. 2C ; compare solid vs. dotted lines), a difference that was only detected when T > 800 ms. Besides, the distribution of MIH was less dispersed in the original than in shuffled ISIs, a difference observed when eight successive ISIs were accumulated (% 800 ms; Fig. 2D ). Similar differences were obtained when original and Markov-simulated recordings were compared (data not shown). After both comparisons no-renewal regulation was found in most DA cells (76.8%) but only in 8.4% of GABA cells (Fig. 2E, right side) . No-renewal regulation was also found in cells with burst activity, with 84% of bursty cells showing FF values and an MIH dispersion lower in the original recording than in their respective shuffled recording of Markov-simulated recording. In this case the ISI compensation was probably performed between within-burst and out-of-burst ISIs. Some DA cells showed renewal but not no-renewal regulation (23.2%). An example of this is shown in Fig. 1E and exhibits FF values lower than expected at random but similar in the original and shuffled ISIs. Both renewal and no-renewal regulation was observed in 70.2% DA cells. Taken together, present data show that, in the SN, no-renewal regulation is characteristic of DA cells, being practically absent in GABA cells which showed no differences among GABAergic neurons regardless of their projection site, i.e. thalamus, AC and PPTg.
Experiment 2: firing regulation in the SN after the partial degeneration of the nigrostriatal DA system
The study was performed 30-40 days after 6-OHDA lesion. A subgroup of nigral cells was identified as DA neurons projecting to the striatum in sham-lesioned rats (33 neurons recorded in eight rats) and 6-OHDA-lesioned rats (13 neurons recorded in 10 rats; no DA nigrostriatal cells were found in the other 14 lesioned rats studied). The firing rate (Fig. 3A) , number of bursts per second (Fig. 3B) , firing rate of spikes within burst (Fig. 3C) , CV ( Fig. 3D) and percentage of cells showing renewal regulation (Fig. 3E) were not modified by 6-OHDA lesions. However, the percentage of cells showing no-renewal regulation (Fig. 3E ) and the intensity of the regulatory activity in cells which did not completely lose no-renewal regulation [compare the shuffled and original FF in the example of Fig. 2C (unlesioned rat) and Fig. 3F (lesioned rat)] markedly decreased in lesioned rats. Thus, norenewal regulation was selectively disrupted in DA nigrostriatal cells that survived 6-OHDA lesion, with no modifications observed in firing rate, burst activity or renewal regulation.
Discussion
Two complementary mechanisms for firing rate regulation were identified in SN cells, a renewal regulation which prevents short and long ISIs and a no-renewal regulation which compensates for the duration of previous ISIs. Most DA cells showed both regulation types, which explains their firing rate stability. A significant portion of GABA cells showed renewal regulation but they lacked no-renewal regulation, with no differences between nigrocollicular, nigrothalamic and nigropeduncular GABA cells. No-renewal regulation markedly decreased in DA cells surviving the partial degeneration of the nigrostriatal system, which could be at the basis of the motor fluctuations often observed in advanced PD. Synaptic regulation of DA activity has been extensively studied during the last 40 years, which contrasts with the relatively smaller amount of attention paid to the regulation of DA cell firing activity. Synaptic regulation is a local phenomenon which involves chemical factors confined within the presynaptic terminals (regulation of tyrosine hydroxilase activity), synaptic cleft (dopamine transporters) and postsynaptic structures (denervation hypersensitivity). However, most DA molecules produce extrasynaptic actions (Kawagoe et al., 1992; Levey et al., 1993; Sesack et al., 1994; Caillé et al., 1996; Descarries et al., 1996) and the local regulation of synapses needs to be accompanied by a suitable regulation of DA release (Zoli et al., 1998) . DA is released in the striatum by a spike-coupled process (Gonon & Buda, 1985; Gonon, 1997; Menoit-Marand et al., 2001 ) and the precise and dual (renewal and no-renewal) regulation of the firing rate found here is probably a particularly useful procedure for regulating DA release. In %70% of DA neurons too-short and too-long ISIs were prevented and atypical ISIs were compensated for by new ISIs of an inverse duration. The other 30% used one of the two mechanisms with no DA cells being free of firing rate regulation. Once released, DA diffuses into the extrasynaptic space for %100 ms (Chergui et al., 1994; Garris & Wightman, 1994; Gonon, 1997) , inducing a delayed effect in target neurons (Gonon, 1997) which persists for >0.5 s after the uptake of extracellular DA (Fuxe & Agnati, 1991; Kennedy et al., 1992; Agneter et al., 1994; Zoli et al., 1998) . The mechanism for this persistence is unknown but probably involves a slow activation of intracellular mechanisms (Young et al., 1991; Moratalla et al., 1996; Gonon, 1997) . Thus, a precise regulation of DA release that takes into account the persistence of the effect of DA is needed. The FF showed that norenewal regulation began to act in DA cells within the first second (see Figs 1E and 2C) , which is probably enough to prevent anomalous persistence of DA action of its target cells. This onset delay agrees with that reported for synaptic autoregulation (Mayer et al., 1988; Limberger et al., 1991; Agneter et al., 1994; Cragg & Greenfield, 1997) .
The mechanism for no-renewal regulation is unknown but probably involves the striato-nigral GABA cells. A mechanism for regulating the extracellular DA level in the striatum by means of an adjustment in the firing rate of nigral DA cells needs to be able to act on the DA cell soma (where the spike trigger is determined) having taken into account the striatal DA levels. Striatonigral GABA cells have D1 receptors in the striatum whose stimulation by extracellular DA increases their firing rate, faciliting the GABA release in the SN and therefore inhibiting the firing of nigrostriatal DA cells. The involvement of striatonigral GABA cells is supported by the finding that the cut of striatonigral axons (i.e. for recording in vitro in slices) and the administration of GABA receptor agonists prevent the ISI fluctuations (Grace & Bunney, 1985; Kita et al., 1986) needed for no-renewal compensation of previous-ISIs and modulate the striatal DA release (Reid et al., 1990) . This possibility can now be tested by using the computing methods here reported.
No-renewal regulation is a suitable procedure to prevent instability in volume transmission but it could be inappropriate in neurotransmission. The response of a no-renewal regulated cell to inputs is continuously influenced by its own previous firing activity, which can cause severe constraints during the neurotransmission of information. In addition, neurotransmitters produce fast and short-lasting effects (they act within the synaptic cleft for a few ms) which cannot be regulated in time by no-renewal mechanisms (latency >400 ms in the case of DA cells). Thus, no-renewal regulation is probably not useful for regulating the action of neurotransmitters and may constrain the neurotransmission of information. Evidence has been reported that GABA is a neurotransmitter for SN cells projecting to the thalamus, colliculus and PPTg (Hikosaka & Wurtz, 1983; DeLong, 1990; Parent & Hazrrati, 1995; Rodríguez & González-Hernández, 1999) , which agrees with the finding of renewal regulation but not no-renewal regulation in this cell population. The renewal regulation is a more suitable mechanism for neurotransmitters because it produces minor restrictions in the response to input (cells are unresponsive to inputs only for a few ms after spike). In addition, it begins to act immediately after each spike, which is a more suitable time latency for neurotransmission regulation. Thus, the finding of renewal regulation in GABA cells but not of no-renewal regulation agrees with the neurotransmitter role proposed for GABA in these neurons.
An interesting finding in this study was the loss of regulatory activity observed in DA cells after the partial degeneration of the nigrostriatal system. Surviving DA cells did not lose renewal regulation (IIH, CV and percentage of cells with FF and MIH showing renewal regulation were unmodified) but presented a marked decrease in no-renewal regulation (most cells lost the no-renewal regulation and others showed a very weak no-renewal activity). Previous evidence has shown a remarkable capacity of DA cells to compensate for the partial degeneration of nigrostriatal system and to preserve a normal functional status of striatal DA even after 70% DA cell loss (Hefti et al., 1980) . The mechanisms reported for this compensatory activity are mainly of a synaptic nature and involve an increase in (i) tyrosine hydroxylase activity and DA synthesis; (ii) DA release; (iii) DA turnover; and (iv) postsynaptic sensitivity to DA (Hefti et al., 1985; Altar et al., 1987; Kostrzewa, 1995) . It has also been suggested that surviving DA cells could increase their firing rate but, as far as we know, this increase has never been observed. Present data do not support this possibility because no modification in the firing rate was observed in the DA cells that survived the lesion of the nigrostriatal system. Another possible nonsynaptic compensation could be the grouping of spikes into bursts, which saturates DA transporters and increases the effectiveness of DA (Chergui et al., 1994; Gonon, 1988; Garris & Wightman, 1994; Overton & Clark, 1997 ). This possibility is not supported by present data as neither the number of bursts per second nor the firing rate of within-burst spikes changed after the 6-OHDA lesion. However, we observed a severe loss of no-renewal regulation with 70% of surviving DA cells showing no no-renewal regulation and the others showing only weak signs of no-renewal activity. Taken together, previous and present data suggest that, although DA cells surviving the nigrostriatal degeneration can compensate for the striatal loss of DA by increasing the pre-and postsynaptic effectiveness of DA transmission, this compensation is accompanied by the loss of norenewal firing regulation. Under these circumstances, the striatal effect of each DA neuron increases (due to the synaptic adaptation) and a small noncompensated fluctuation in the firing rate (due to the loss of no-renewal regulation) can produce instability in the striatal action of DA.
The partial degeneration of nigrostriatal DA cells, and the subsequent reduction of striatal DA, is at the basis of the motor disturbances that characterize Parkinson's disease (Albin et al., 1989; DeLong, 1990; Graybiel, 1990; Obeso et al., 1997; Viteck et al., 1997) . DAergic drugs are useful during the initial stages of the disease (Barbeau, 1980; Marsden, 1980) but in advanced patients they often induce motor fluctuations ('on-off' phenomena, freezing episodes, dyskinesias; Obeso et al., 2000b), which have been attributed to oscillations in the concentration of the prescribed drugs in the brain. However, DA agonists have a long-lasting effect which often does not correspond with the short fluctuations (a few minutes) observed in PD. Present data suggest a new hypothesis. In advanced PD, the marked DA cell loss produces a double deficiency, a decrease in the striatal DA which can be compensated for by DA drugs and a loss of no-renewal regulation which cannot be counteracted with drugs. Under these circumstances, small fluctuations in the firing rate of surviving neurons can produce a localized excess in the striatal DA activity which cannot be properly compensated for by the no-renewal regulation of firing rate and patients can suffer from motor fluctuations. This dyskinesiogenic consequence of the loss of no-renewal regulation could be worsened by the compensatory hyperactivity of DA synapse.
